Does accelerated cortical atrophy in aging, especially in areas vulnerable to early Alzheimer's disease (AD), unequivocally signify neurodegenerative disease or can it be part of normal aging? We addressed this in 3 ways. First, age trajectories of cortical thickness were delineated cross-sectionally (n = 1100) and longitudinally (n = 207). Second, effects of undetected AD on the age trajectories were simulated by mixing the sample with a sample of patients with very mild to moderate AD. Third, atrophy in AD-vulnerable regions was examined in older adults with very low probability of incipient AD based on 2-year neuropsychological stability, CSF Aβ 1-42 levels, and apolipoprotein ɛ4 negativity. Steady decline was seen in most regions, but accelerated cortical thinning in entorhinal cortex was observed across groups. Very low-risk older adults had longitudinal entorhinal atrophy rates similar to other healthy older adults, and this atrophy was predictive of memory change. While steady decline in cortical thickness is the norm in aging, acceleration in AD-prone regions does not uniquely signify neurodegenerative illness but can be part of healthy aging. The relationship between the entorhinal changes and changes in memory performance suggests that non-AD mechanisms in AD-prone areas may still be causative for cognitive reductions.
Introduction
Most cognitive functions are affected by age (Reuter-Lorenz and Park 2010) . This is likely partly caused by macrostructural brain changes (Raz and Rodrigue 2006; Persson et al. 2012) , and neuroanatomical evidence has frequently been used in the debate on whether cognitive decline is continuous throughout the adult lifespan (Salthouse 2009 (Salthouse , 2011 or primarily seen in older age (Schaie 2009) . Although this debate has a significant bearing on understanding of human aging, it bears on an important practical question of when and how "normal" aging turns into clinically identifiable dementia. Aging-related dementia typically has a slow and gradual onset, with atrophy manifest years in advance of clinical symptoms Jack et al. 2010) . Some have even suggested that cortical decline in aging is caused by an undetected disease and is not a feature of normal aging (Burgmans et al. 2009 ). An important implication of the apparent temporal gap between cerebral and cognitive expressions of dementia is that cases with undetected disease in presumably normal samples bias inferences about normal brain aging (Sliwinski and Buschke 1999) . The proportion of older adults with undetected neurodegenerative disease is expected to increase with the age of the population studied, which could cause invalid conclusions of accelerated decline in cortical areas vulnerable to such pathology, especially the entorhinal cortex (Braak and Braak 1985; Jack et al. 1997; McDonald et al. 2009 ). Thus, accurate descriptions of the expected age trajectories of critical brain areas will contribute to a better understanding of normal aging as well as age-related dementia.
Estimations of adult lifespan trajectories in cortical thickness would be the first step to address this important issue. However, examinations of cortical changes across adult life face a multitude of challenges: First, approximations of lifespan trajectories from cross-sectional observations require very large samples to ensure statistical power to detect subtle differences in slopes between age groups. Second, age spans of more than a few years are practically impossible to cover in longitudinal MR studies, and the problems of cohort effects and sampling bias can therefore not easily be resolved. Finally, as discussed above, age-related neurodegenerative conditions may bias the results toward conclusions of accelerated reductions. Thus, it is important to compare the results of cross-sectional and longitudinal approaches.
Previous studies have not yielded consistent results. Crosssectional findings suggest both linear (Courchesne et al. 2000; Raz, Gunning-Dixon et al. 2004; Fjell et al. 2009a ) and nonlinear decline (Sowell et al. 2003; Raz, Gunning-Dixon et al. 2004; Allen et al. 2005; Curiati et al. 2009; Terribilli et al. 2011; Ziegler et al. 2012) . Some longitudinal studies have found modest acceleration of regional decline (Raz, GunningDixon et al. 2004 , Raz et al. 2005 Du et al. 2006; Driscoll et al. 2009; Schuff et al. 2012; Thambisetty et al. 2010) , whereas others have shown linear reductions (Resnick et al. 2003; Crivello et al. 2010; . Thus, the question of whether age-related cortical reductions are comparable in young and healthy older adults, only accelerating with neurodegenerative disease, is far from settled.
We addressed this main question by using a novel threestage approach: First, we delineated lifespan trajectories by combining large cross-sectional (n = 1100) and longitudinal (n = 207) samples. A linear trajectory would indicate that the estimated rate of change is comparable at different ages, and that undetected neurodegenerative disease is unlikely to have influenced the results. Based on previous research (Fjell et al. 2009a) , we would expect this to be the case in a majority of cortical areas. However, several previous cross-sectional aging studies have found preservation or even thickening of the anterior cingulate and surrounding areas in healthy older adults Fjell et al. 2009a) , and so we expected that cortical decline would level off with higher age in these areas in the cross-sectional analyses.
Second, we explicitly modeled the effects of undetected Alzheimer's disease (AD) by adding AD patients to the sample. We expected inclusion of patients to increase the estimated decline in the areas most vulnerable to early AD, especially in the entorhinal cortex and the lateral temporal cortex. Hippocampus and entorhinal cortex are the areas best distinguishing AD patients from healthy older adults (Jack et al. 1997; Fennema-Notestine et al. 2009; McDonald et al. 2009; . Thus, it is interesting to detail the adult lifespan trajectory of the entorhinal cortex in presumably healthy and to assess possible influences of undetected age-related neurodegenerative disease. Entorhinal cortex is the most upstream subregion in the hippocampal circuit and thus serves as the gateway into the hippocampal formation (Small et al. 2011) , which explains its important role for memory function. One speculation is that areas characterized by high degree of life-long plasticity, such as the entorhinal cortex (Chapman et al. 2008) , are vulnerable to detrimental effects of both normal and pathological aging. Thus, accelerated decline of the entorhinal cortex could be expected in healthy aging and further accelerated in preclinical age-related neurodegenerative disorders. We were also interested in testing whether areas around the precuneus and retrosplenial cortex would show increased estimated decline when AD patients were added to the sample. These areas are parts of the so-called default mode network (DMN) (Snyder and Raichle 2012) , which undergoes substantial structural and functional changes in aging and AD, with disruptions in presumably healthy individuals being linked to preclinical AD (Andrews-Hanna et al. 2007; Sperling et al. 2009; Walhovd et al. 2010; Addis et al. 2011; Jones et al. 2011) .
Finally, we selected subsamples of older adults with very low probability of incipient AD, determined by 2-year neuropsychological stability, CSF Aβ 1-42 levels and apolipoprotein (APOE) ɛ3 homozygocity (Corder et al. 1993) . We examined the cortical thinning in these low-risk older adults in the regions where AD affected the estimated lifespan trajectories. For regions where contamination of the sample with AD patients caused apparent acceleration of estimated atrophy, it is difficult to decide whether decline in older age can be ascribed to the normal aging process or is a result of accumulation of undetected neurodegenerative disease. By assessing atrophy longitudinally in subgroups of healthy older adults with very low probability of undetected AD, it is possible to better disentangle the normal aging process from effects of incipient degenerative disease. Our hypothesis was that decline would be seen even in older adults at very low AD risk, and that this would be related to cognitive changes.
Materials and Methods

Sample
Cross-Sectional Healthy Lifespan Sample One thousand one hundred healthy participants (424 men/676 women), spanning an age range of 76 years (18-94 years, mean = 48, SD = 20) were included, pooled from 5 independent studies (see Table 1 ). The details of each of the subsamples are described in Supplemental Information, as well as in a previous publication with an overlapping data pool (Fjell et al. 2009b) . All the healthy samples were screened for diseases and history of neurological conditions, and for cognitive deficits/dementia by questionnaires and standardized tests.
Cross-Sectional AD Sample
Ninety-six patients with mild or incipient (clinical dementia rating [CDR] = 0.5), mild (CDR = 1) or moderate (CDR = 2) AD (59 women/ (Folstein et al. 1975) ; BDI, Beck Depression Inventory (Beck 1987) ; BIMCT, Blessed Information-Memory-Concentration Test (Blessed et al. 1968) ; CDR, Clinical Dementia Rating (Berg 1984 (Berg , 1988 Morris 1993) ; GDQ, Geriatric Depression Questionnaire (Auer and Reisberg 1997) ; RH, Right handed; WASI, Wechsler Abbreviated Scale of Intelligence (Wechsler 1999 (Berg 1984 (Berg , 1988 Morris 1993; Morris et al. 2001) . CDR of 0.5 or higher was taken to indicate mild to moderate AD.
Longitudinal Sample
The longitudinal sample consisted of 207 participants (60-93 years, mean age = 75.5 years, 56% women). (Folstein et al. 1975 ) scores between 24 and 30 (inclusive), CDR (Morris 1993 ) of 0, nondepressed, non-MCI, and nondemented. In addition, to minimize the possibility of including individuals with early, preclinical AD, only participants who had the same or better score on CDR sum of boxes (CDR-sb) at the time of follow-up were included. The subject pool was further restricted to those subjects for whom adequate processed and quality checked MR data were available. For the OASIS sample, principal investigator is Randy Buckner, and details are available elsewhere (Marcus et al. 2010) . Participants were between 60 and 93 years of age (mean 75.3 years, 71% women), and were selected from a larger database of individuals who had participated in MRI studies at Washington University on the basis of the availability of at least 2 separate visits in which clinical and MRI data were obtained, at least 3 acquired T 1 -weighted images per imaging session, and right-hand dominance. The participants were recruited primarily through media appeals and word of mouth. All subjects were screened for dementia by the ADRC (Washington University Alzheimer's Research Unit) full clinical assessment. Dementia status was established and staged using the CDR scale. The determination of AD or nondemented control status was based solely on clinical methods, derived primarily from a collateral source. To receive a CDR score of ≥0.5, the participant had to experience gradual onset and progression of decline in memory and other cognitive and functional domains. A CDR of 0 at both visits analyzed in the present study was used as inclusion criterion.
In addition, follow-up analyses of entorhinal cortex atrophy were performed on different subsamples from the ADNI where neuropsychological follow-up data, baseline CSF Aβ 1-42 , and APOE profile were available. First, based on 2-year neuropsychological follow-up results, a group of cognitively superstable participants was identified according to a procedure described previously . To be regarded as superstable, CDR sum of boxes and MMSE needed to remain identical or improve over 2 years. In addition, raw scores on all of the following 7 neuropsychological tests had to remain at 90% of initial score or higher: Auditory Verbal Learning Test (AVLT) learning (hits: false alarms), AVLT 30-min delayed recall (hits: false alarms) (Rey 1964) , digit span (sum of forward and backward), clock copying (Goodglass and Kaplan 1983) , digit symbol substitution test (Wechsler 1981) , and logical memory test immediate recall and logical memory test delayed recall (Wechsler 1987) . Eighteen of 114 participants with 2-year data available fulfilled these extremely strict criteria. Second, participants with available CSF Aβ 1-42 samples from baseline (n = 51) were assigned to a low (n = 28) risk group for developing AD based on published cutoff levels for the ADNI sample (CSF Aβ 1-42 > 192 pg/mL) (Shaw et al. 2009 ). Finally, participants with a low risk of developing AD based on both Aβ 1-42 and the APOE genotype (ɛ2/ɛ3, or ɛ3/ɛ3) were identified (n = 22).
MR Acquisition and Analysis
Cross-Sectional Cortical Reconstruction All scans were obtained from 1.5 T magnets from 2 different manufacturers (Siemens, Erlangen, Germany; General Electric CO, Milwaukee, WI), and from 5 different models (Siemens Avanto, Symphony, Sonata and Vision; GE Signa). All participants within each sample were scanned on the same scanner. T 1 -weighted sequences were acquired (3D magnetization prepared gradient echo for Siemens/3D spoiled gradient recalled pulse sequences for GE). In 6 of the cross-sectional (healthy samples 1, 2, 3, 4, and 6, AD sample) and both the longitudinal samples, multiple scans were acquired within the same scanning session and averaged to increase the signal-to-noise ratio. The details of the sequences are presented in Supplemental Experimental Procedures.
Cross-sectional data were processed and analyzed with FreeSurfer 4.01 (http://surfer.nmr.mgh.harvard.edu/) (Dale and Sereno 1993; Dale et al. 1999) at the Neuroimaging Analysis Lab, Center for the Study of Human Cognition, University of Oslo, with the additional use of computing resources from the titan grid operated by the Research Computing Services Group at USIT, University of Oslo (https ://wiki.uio.no/usit/suf/vd/hpc/index.php/TITAN). This procedure yields a measure of cortical thickness for each person at each point on the reconstructed surface and is capable of detecting submillimeter differences between groups (Fischl and Dale 2000; Rosas et al. 2002; Kuperberg et al. 2003) . Maps were smoothed using a circularly symmetric Gaussian kernel with a full-width at half-maximum of 30 mm ). The cortical surface was then parcellated according to procedures described previously Desikan et al. 2006 ).
Detection of Longitudinal Change
All scans used for the longitudinal analyses were from 1.5 T scanners. For ADNI, DICOMs (including 2 T 1 -weighted volumes per case) were downloaded from the public ADNI site (http://www.loni.ucla.edu/ ADNI/Data/index.shtml). The ADNI sample is largely overlapping with that included in a previous publication ), but are reanalyzed with a different procedure to measure thickness change to allow direct comparisons with the cross-sectional results, in contrast to the volumetric analyses used in the previous publication (Holland and Dale 2011; Holland et al. 2012) . For OASIS, DICOMs were downloaded from the public OASIS site (http://www. oasis-brains.org), at least 3 repeated T 1 -weighted series of scans per session. Processing of the longitudinal data was performed with the FreeSurfer 5.1 longitudinal stream Reuter and Fischl 2011) . The cortical models are built in the same way as for the cross-sectional analyses (see above), but with 1 important exceptions. First, a template volume is created and processed instead of initializing the analyses with a specific time point. By initializing the processing of longitudinal data using the processed results from such an unbiased template, the random variation in the processing procedure is reduced, and the robustness and sensitivity of the longitudinal analysis increased ). This also ensures inverse consistency, meaning that the inverse transform is obtained when registering time point 2 to time point 1 as opposed to time point 1 to time point 2 (Reuter and Fischl 2011) , which is extremely important in longitudinal analyses (Thompson and Holland 2011) . Second, new probabilistic methods (temporal fusion) were applied to further reduce the variability across time points. Thus, this longitudinal analysis scheme is designed to be unbiased regarding any of the time points, and is able to detect small changes in cortical thickness between examinations. sum of boxes (CDR-sb) was calculated as a measure of clinical functioning, and the following neuropsychological tests were included: AVLT learning (hits: false alarms), AVLT 30-min delayed recall (hits: false alarms) (Rey 1964) , digit span (sum of forward and backward), clock copying (Goodglass and Kaplan 1983) , digit symbol substitution test (Wechsler 1981) , and logical memory test immediate recall and logical memory test delayed recall (Wechsler 1987) .
Statistical Analyses
To reduce the number of comparisons, mean values for left and right hemisphere regions-of-interest (ROIs) were used in the ROI analyses. A further advantage of this approach is that the reliability of the thickness estimations will increase. A possible disadvantage is that possible interactions between hemisphere and age-thickness effects could confound the results. In our experience, however, age effects tend to be symmetrically distributed across hemispheres so that this is unlikely to represent a concern (Fjell et al. 2009a ). Cross-sectional analyses were performed on residuals after the effects of sample and sex were removed by linear regressions. If not specified, an α-level of P < 0.05 was used as threshold for statistical significance in the ROI analyses.
First, to test the strength of the linear effect of age and to show the stability of effects across subsamples, age was correlated with cortical thickness pointwise across the cortical surface in each sample separately and in the pooled sample. To estimate age trajectories from the cross-sectional data without any assumption about the form of the curve, a nonparametric local smoothing model, the smoothing spline, implemented in Matlab, was fit to the data. We have previously shown that this approach yields less biased solutions than the more commonly employed higher order polynomial functions . We used an algorithm that optimizes smoothing level based on a version of Bayesian Information Criterion (BIC), which provides a way of obviating the need for arbitrarily chosen smoothing levels. The difference between BIC for the model and the lowest BIC (in this case, the difference between the smoothing spline and the ordinary least square [OLS] model) (Δ I ) was used to accept or reject the linear model. As a rule of thumb, Δ I < 2 would indicate that the 2 models are essentially indistinguishable with regard to goodness of fit, Δ I > 4 would indicate considerable differences between the models, and Δ I ≥ 10 would indicate that the model with the larger BIC has essentially no support. In addition, surface maps of estimated annual change in cortical thickness was calculated per year, smoothed across time, and displayed per decade. The estimates were adjusted for effects of sample differences and sex. Also, estimated change values for the entorhinal cortex were extracted and plotted as a function of age.
The cross-sectional analyses were first run in the pooled sample (n = 1100). For the longitudinal analyses, annual percent thickness change was calculated for each ROI and averaged across hemispheres. One-sample t-tests were used to determine whether longitudinal change was different from zero. By additional paired-samples t-tests, longitudinal thinning in the ROIs where the cross-sectional analyses indicated accelerated decline in the oldest part of the age range was contrasted with longitudinal atrophy in the ROIs where the crosssectional models indicated that atrophy would level off. This was done to explore degree of consistency between the smoothing spline models based on the cross-sectional data and the longitudinally measured atrophy. Further comparisons were made between estimated rates of change from the longitudinal and the cross-sectional data. First, the rate of change was estimated cross-sectionally from the same participants that were included in the longitudinal analyses, smoothed across age. Differences in change estimates would then be due to methodological issues of longitudinal versus cross-sectional analysis. Second, the same calculations were done for the full crosssectional sample of the same age range as the longitudinal sample. Differences between these results and the longitudinal results would represent a mixture of methodological and sampling issues.
The cross-sectional analyses were then repeated in the OASIS subsample only (n = 309), with the inclusion of 96 additional participants with very mild to moderate AD from the same site and scanner. The smoothing spline curves were compared between the full OASIS sample, including both healthy older adults and AD patients, and the healthy part of the OASIS sample only. This was done to mimic the effect of insufficient screening for degenerative conditions on the estimated trajectories.
The area that showed accelerated estimated decline when AD patients were included in the sample (entorhinal cortex) was tested in subsamples of participants with very low probability of AD. The selection of participants with very low probability of AD was based on 2-year neuropsychological stability, baseline levels of Aβ 1-42 or a combination of Aβ 1-42 and APOE status. The longitudinal rates of change for these subgroups in the AD-prone areas were compared with the larger longitudinal sample by independent samples t-tests. If comparable rates of atrophy were seen in participants with very low probability of AD, then it is unlikely that the atrophy seen is caused by undetected AD-related mechanisms. Finally, to test whether the rate of change in entorhinal cortex was related to cognitive changes, entorhinal change was correlated with change in total learning score and 30-min delayed recall score on the Rey auditory verbal learning test (RAVLT), quantified both in terms of a difference score (1-year follow-up score minus baseline) as well as a "saving score" (ratio of 1 year score to baseline score).
Results
Cross-Sectional Analyses
The linear effects of age on cortical thickness vertexwise across the cortex, within and across samples, are illustrated in Figure 1 . Strong negative correlations were seen across most of the cortex in all samples, reaching −0.80 in the most agesensitive areas, including medial and lateral sections of the frontal cortex. In the total sample, cortical thickness in all regions except rostral anterior cingulate cortex (ACC) correlated negatively with age (Table 3) . The smoothing spline model was used to test the relationship between age and cortical thickness in each region without assuming linearity. The results, presented in Table 2 , show that for 7 regions (rostral and caudal anterior cingulate, posterior cingulate, lateral and medial orbitofrontal, lateral occipital cortex and lingual gyrus), BIC for the smoothing spline was >4 compared with the linear fit, indicating considerable differences in fit between the models. For additional 3 regions (entorhinal cortex, pericalcarine cortex, and pars orbitalis), the difference was >2, indicating some improvement of fit from the linear to the smoothing spline models. Lateral occipital, lingual, entorhinal, and pericalcarine cortex showed accelerated decline with increasing age, whereas the other areas leveled off with higher age. Scatter plots for the 9 regions with the highest ΔBIC (i.e., the least linear) are shown in Figure 2 , and the scatter plots for 9 representative regions with a linear fit in Figure 3 . Figure 4 shows estimated cortical change per decade, color-coded, and projected onto a surface brain.
Longitudinal Analyses
The results of the analysis of longitudinal data for 207 participants 60 years or older were compared with the crosssectional results. Annualized percent change in each of the 32 ROIs measured longitudinally is presented in Table 3 . Significant thinning was observed in 24 regions. Pearson correlations between thickness and age in the full cross-sectional sample, and in the subsample with age range identical to that of the longitudinal sample (n = 367), are also shown in Table 3 . For the sample above 60 years, significant negative correlations with age were observed in 26 regions and positive in 2 (rostral and caudal anterior cingulate), in accordance with the smoothing spline results. Of the 26 regions showing a negative age-correlation in the cross-sectional analyses in this age span, 20 also showed significant longitudinal thinning (P < 0.05) while 2 showed a trend (P < 0.10). Pars triangularis and pars orbitalis, precuneus and temporal transverse cortices showed significant cross-sectional age correlations without significant longitudinal thinning. This difference may be explained by power and sampling differences between the longitudinal and the cross-sectional samples (see below). Rostral and caudal anterior cingulate and the frontal pole did not show significant thinning and were not significantly related to age in the cross-sectional analyses for the sample >60 years. The P values cannot be directly compared between the cross-sectional and the longitudinal analyses, since they depend on partly different samples and sample sizes, and the statistical tests performed are different. Still, the longitudinal results were to a large extent consistent with the negative age correlations seen in the cross-sectional data.
Further, to test slope differences between ROIs for the last part of the age span, we selected the 10 ROIs for which the cross-sectional smoothing spline function indicated a nonlinear age trajectory. We then tested whether longitudinal thinning in the 6 ROIs for which the cross-sectional analyses indicated deceleration of atrophy in higher age was smaller than the thinning in the 4 ROIs for which the cross-sectional analyses indicated accelerated decline. Averaged annualized longitudinal thinning across the 6 ROIs for which the crosssectional smoothing spline analyses indicated reduced rate of atrophy was −0.33%, in contrast to −0.64% for the ROIs where accelerated atrophy was indicated from the crosssectional results. A t-test showed that this difference was significant (t [206] = 2.17, P < 0.05). Post hoc tests revealed that annual thinning was significantly greater than −0.33% in the entorhinal cortex (−0.90%, t [206] = −2.48, P < 0.05), showed a trend in lateral occipital (−0.64%, t [206] = −1.87, P = 0.063) and lingual (−0.58%, t [206] = −1.81, P = 0.066) cortex, while thinning in pericalcarine cortex did not differ significantly from −0.33% (−0.42%, t [206] = −0.48, n.s.). Thus, the main conclusion from the cross-sectional analyses seems to be coherent with the longitudinal data.
Finally, to allow a more detailed comparison between the cross-sectional and the longitudinal results, color-coded surface plots of annual percentage change in thickness measured longitudinally are shown in Figure 5 . These plots were compared with cross-sectionally estimated annual percentage thickness change for the oldest part of the full sample (≥60 years of age). As this sample only partly overlapped with the longitudinal sample, annual change was Figure 1 . Age correlations. Correlations between age and cortical thickness at each vertex in each of the 5 subsamples, as well as in the total sample. The correlations in the total sample are corrected for both offset and slope differences between the subsamples. As can be seen, strong negative correlations are found in all subsamples, being especially strong in medial and lateral frontal cortex. The maps are smoothed with a Gaussian kernel of full-with at half-maximum (FWHM) of 30 mm. estimated cross-sectionally also for the longitudinal sample alone. This enabled comparisons of cross-sectional and longitudinal effects in the same group of participants, which again made it possible to distinguish effects of method (longitudinal vs. cross-sectional) versus effects of sample (the smaller sample of 207 participants for whom longitudinal data were available vs. the larger cross-sectional sample of 367 participants ≥60 years of age). Substantial similarities, but also important differences, were found in the comparison of longitudinally versus cross-sectionally estimated change. First, there was substantial difference in magnitude of estimated change, with mean annual change across the cortical surface of −0.59% versus −0.30% for the longitudinal versus the cross-sectional analyses, respectively. These differences were especially pronounced in the lateral frontal, temporoparietal, superior temporal, and lateral occipital cortices on the lateral side, as well as the isthmus of the cingulate/retrosplenial cortex, the fusiform gyrus, and the right cuneus and left lingual gyrus. Interestingly, while the cross-sectional data indicated preservation or even thickening of the middle and anterior cingulate, as well as partly in the insula, these regions all showed thinning in the longitudinal data. Also, orbitofrontal cortex showed evidence of longitudinal thinning in face of cross-sectional preservation.
Second, we wanted to explore whether differences between methods mainly were a matter of magnitude, a scaling effect, or whether bias across methods in terms of topographic distribution of change also could be seen. Thus, we calculated the square root of the squared Z-transformed change maps from both methods to obtain a measure of the relative distribution of change for each method independently of magnitude of change. The difference between these maps was then calculated. Mean difference between the longitudinal and the cross-sectional results across vertices was 0.57 SD. Thresholding the maps by 2 SD revealed differences between methods in the anterior cingulum only. Lowering the threshold to 1.5 SD showed some small scattered differences between methods (Supplementary Material). Generally, however, differences between methods in distribution of effects were modest as long as the differences in magnitude were removed.
Comparing the longitudinal results with the crosssectionally estimated change rates from the full sample of older adults naturally yielded somewhat lower correspondence, since differences due to method (cross-sectional vs. longitudinal) and differences due to sample (different samples) are added. These factors caused the rate of change to be even lower compared with the longitudinal analyses. Nevertheless, substantial similarities in the topographic distribution of age effects were seen, as described in the section on ROI analyses above (see also Table 3 ). Of special interest, however, is that the apparent thickening or preservation of the middle and anterior portions of the cingulate and in the insula were seen in both sets of cross-sectional analyses, Critical P values for the β values: β ≥ ±0.06, P < 0.05; β ≥ ±0.10, P < 0.001. whereas these results were not replicated in the longitudinal analyses.
Effects of AD on Trajectories
Finally, the analyses were repeated in a subsample of 96 patients with mild to moderate AD and 309 normal participants. The results are presented in Table 4 . When patients with mild to moderate AD were included, entorhinal cortex showed accelerating decline with age compared with the non-AD patient group (see Fig. 6 for scatter plots for selected regions). A tendency for stronger age relationships in the oldest age range when AD patients were included was seen for middle temporal cortex also, where a small shift downward from the original curve that leveled off in higher age could be identified.
Entorhinal Cortex Change in Older Adults with Extremely Low Probability of Dementia
Entorhinal cortex is the region typically most vulnerable to very early AD, and inclusion of AD patients in the sample caused accelerated decline in this area. The acceleration of cortical thinning seen both in the cross-sectional and longitudinal analyses could be caused by undetected AD. We performed follow-up analyses to determine whether older adults with very low probability of undetected neurodegenerative disease still evidenced thinning of entorhinal cortex. Annual percentage change in entorhinal thickness in the full ADNI sample of no clinical decline over 1 year was 0.97% (P = 0.002). The rate of thinning in the cognitively superstable part of the sample with no documented cognitive reduction at 2-year follow-up (n = 18) was identical (0.97%), although not significantly different from zero due to the massive reduction in statistical power. These participants showed no clinical decline over 2 years and scored at least 90% of their initial performance on each of 7 different neuropsychological tests. Next, we examined the participants with available CSF Aβ 1-42 samples from baseline (n = 51) who formed a low-risk group (n = 28) based on a published criterion (Shaw et al. 2009 ). This group showed significant 1-year entorhinal thinning (−1.38%, t [27] = 2.08, P < 0.05), that was not significantly different from the thinning observed in the total sample (t [136] = 0.67, n.s.). Finally, a low-risk group based on both CSF Aβ 1-42 and APOE status was defined (n = 22). This group showed a trend toward significant entorhinal thinning (1.40%, t [21] = 1.83, P = 0.081), which did not differ from the rate of thinning in the total sample (t [136] = 0.61, n.s.). Thus, entorhinal thinning comparable to that of the total sample was found in participants who remained cognitively superstable over 2 years, participants of low risk of AD based on CSF Aβ 1-42 , and participants of low AD risk based on both CSF Aβ 1-42 and APOE status. These results are illustrated in Figure 7 . Finally, to test whether the change rate in the entorhinal cortex in the healthy controls had any cognitive correlate, we correlated entorhinal thinning with total learning and 30-min recall scores from the RAVLT in the participants who showed no change in MMSE or CDR-sb score over 2 years (data available for 94 participants). Age was not significantly related to any of the measures. Higher entorhinal change rate was related to lower 30-min recall at follow-up (r = 0.22, P < 0.05) and marginally to lower learning scores (r = 0.20, P = 0.056). Longitudinally, change learning score was significantly related to entorhinal change, both when quantified as the difference between baseline and follow-up (r = 0.29, P < 0.005) and as a saving (ratio) score (r = 0.24, P < 0.05). Change in delayed recall was not significantly related to entorhinal change.
Discussion
The main finding was that even though linear cortical changes seem to be the norm of healthy aging, accelerated decline in select areas does not need to signify neurodegenerative disease. Rather, cortical thinning in advanced age even in areas vulnerable to early AD can be part of a normal aging process. Inclusion of patients with mild to moderate AD had a profound effect on the estimated trajectory of entorhinal cortex only, which is the cortical area most prone to early AD (Jack et al. 1997; Fennema-Notestine et al. 2009; . Still, similar rates of longitudinal entorhinal thinning were found in participants with very low probability of incipient AD, and the changes were predictive of longitudinal changes in memory scores, thus not being entirely benign. This means that even in AD-prone areas are cortical changes seen in healthy aging. Even though not related to AD, these changes may still impact memory function.
Linearity of Brain Aging: Reduced Change in Higher Age
A linear model of age-related differences in cortical thickness explained the data well in most regions. An exception from linearity was the ACC, where some previous studies have found no or even positive age relationships Fjell et al. 2009a ). Such a "reversal" of the aging process could reflect neuroplastic adaptation to increased environmental demands (Draganski et al. 2006; Engvig et al. 2010) , as ACC plays a role in the allocation of attentional resources (Bush et al. 2000; Posner et al. 2007; Posner 2012) , and cortical thickness in this area correlate with executive control and attention ). However, thickening of caudal and rostral ACC was not seen longitudinally, even in the same sample of participants where preservation/thickening was seen cross-sectionally. This strongly indicates that this is a cross-sectional artifact, possibly caused by covariance between sampling bias and age. Older adults with thinner ACC could be less likely to be considered cognitively healthy, yielding a more select older adults sample. For example, in a recent fMRI study, cross-sectionally observed frontal overrecruitment could be accounted for by a select older adults sample (Nyberg et al. 2010) .
Estimated age-related thinning also in the orbitofrontal cortex leveled off with increasing age. In a previous study with an overlapping sample, we found that the medial orbitofrontal cortex was relatively well preserved compared with the rest of the cortex (Fjell et al. 2009a ). Sowell et al. (2003) also observed that the age effects in these cortical areas were reduced in higher age. The longitudinal data showed significant thinning of the orbitofrontal cortex, but similar to the ACC, at a slower rate than most ROIs.
Linearity of Brain Aging: Increased Change in Older Age
Minute acceleration of estimated cortical decline with higher age was found in 4 regions, including entorhinal cortex. Entorhinal cortex also showed substantial annual thinning longitudinally (0.9%). This is comparable with the previously reported atrophy rates of between 0.3% and 2.4% (Du et al. 2003 (Du et al. , 2006 Ezekiel et al. 2004; Raz et al. 2005; Schuff et al. 2012) . A recent large study using voxel-based morphometry found that the medial temporal lobe (hippocampus) was one of few cortical regions showing a significant nonlinear relationship with age (Ziegler et al. 2012 ), but hippocampal trajectories deviate substantially from other parts of the cortex ). Westlye et al., however, showed negative age relationships in entorhinal cortex in a group of older adults compared with young and middle-aged participants, suggesting increased vulnerability in higher age (Westlye et al. 2010a) .
Although of modest magnitude, age-related acceleration of decline of the entorhinal cortex is of special importance. AD likely cause atrophy manifest years in advance of clinical symptoms Jack et al. 2010) , and undetected neurodegenerative disease may therefore bias the results toward accelerated atrophy in AD-prone areas in presumably healthy samples. It has even been argued that insufficient screening for incipient neurodegenerative conditions account for the observed atrophy in studies of healthy aging (Burgmans et al. 2009 ). Here, by including AD patients in the sample, we demonstrate that undetected neurodegenerative disease is unlikely to produce artifactual observations of nonlinearity in cortical areas outside the entorhinal cortex. Further, the rate of thinning in the entorhinal cortex did not vary between the full sample and the low-risk subsamples. Still, the magnitude of atrophy in entorhinal cortex is several Note: The column "smoothing spline ΔBIC" denotes the change in BIC between the linear and the smoothing spline model, and the ROIs are sorted according to this value. ΔBIC ≥4 indicates that a nonlinear model is considerably better than a linear model, whereas ΔBIC ≤2 indicates that the best model is essentially indistinguishable from a linear model. In the columns "Without Alzheimer patients," only the healthy controls are included (n = 309). In the columns "With Alzheimer patients," a group of mild AD patients (n = 96) was added to the sample, and the analyses rerun. For entorhinal cortex, a low ΔBIC in the group without AD and a higher ΔBIC in the group with AD indicate that inclusion of AD patients had a substantial effect on the estimated lifespan trajectory of this region.
times higher in MCI and AD patients compared with healthy older adults (McDonald et al. 2009) , and entorhinal atrophy is a major risk factor for AD. Thus, in AD patients, entorhinal atrophy likely represents a mixture of normal age-related changes and additional neurodegeneration specific to the disease, causing decline at a faster rate. The relationship between the entorhinal changes and changes in memory performance suggests that non-AD mechanisms in AD-prone areas are still causative for cognitive reductions in healthy older adults. Previous studies have shown relationships between medial temporal structural changes and memory in healthy participants Murphy et al. 2010; Persson et al. 2012 ). The present results further indicate that entorhinal atrophy may be unrelated to AD pathology, while still being predictive of memory changes. To explain this association, further research needs to focus on neurobiological mechanisms for cognitive reductions that do not include AD pathology. Interestingly, the few studies of healthy controls that have tested the relationship between in vivo biomarkers for amyloid and atrophy generally do not find relationships in the medial temporal lobes (Storandt et al. 2009; Fjell, Walhovd, FennemaNotestine, McEvoy, Hagler, Holland, Blennow et al. 2010; Tosun et al. 2010; Becker et al. 2011) , although the results sometimes are complex . In contrast, relationships between amyloid biomarkers and atrophy in MCI and AD are found mostly in the temporal lobes ). Thus, it is possible that atrophy in the entorhinal cortex in healthy older adults can occur without being related to the same mechanisms that cause atrophy in AD. In principle, a threshold of cortical thickness or the rate of atrophy could represent dementia, with the entorhinal atrophy of the low-risk participants in the present study being well below such a threshold. However, even though the rate of entorhinal decline is a continuous measure that varies across a clinical spectrum from normal to MCI to AD, this does not imply that the underlying mechanisms causing the atrophy are similar. Entorhinal cortex is vulnerable both to AD and healthy aging, with detrimental impact on memory function in both, but the etiology may at least be partly different.
More puzzling than the increased rate of estimated entorhinal atrophy in older age was the finding of increased estimated change in lingual, pericalcarine and lateral occipital cortices, and areas involved in visual perception. These regions maturated relatively early in development (Shaw et al. 2008; Tamnes et al. 2010; Westlye et al. 2010a) , and thus could be expected to be more resilient to the influences of normal aging. The deviations from linearity in these areas, however, were modest, and a linear model explained the data reasonably well. More research is needed to understand these effects.
Linearity of Brain Aging: Longitudinal Changes in Advanced Age
In contrast to cross-sectional analyses, which are based on age "differences," longitudinal designs can be used to assess "changes" in cortical thickness (Pfefferbaum et al. 1998; Resnick et al. 2003; Raz et al. 2005; Driscoll et al. 2009; Schuff et al. 2012) . Drawing inferences about age changes from cross-sectional data alone rests on the assumptions that cohort effects do not exist in the sample, that sampling bias is not correlated with age and that individual development can be captured by population analyses (Lindenberger et al. 2011, see also Maxwell and Cole 2007) . Several authors have warned about the fallacies involved in drawing inferences about change from cross-sectional data alone (Nyberg et al. 2010; Lindenberger 2010, 2011; Lindenberger et al. 2011) . When it comes to lifespan studies of brain structures, however, no fully satisfactory solution to this problem exists, and most agree that mean age trends and age-independent individual differences in general can be delineated from cross-sectional data (Raz and Lindenberger 2011) . Longitudinal examinations over extended time intervals are not feasible with MRI, and the best compromise may be to combine cross-sectional and longitudinal analyses.
In the present study, the longitudinal results in general supported the main findings from the cross-sectional analyses.
However, there were also important differences between the longitudinal and cross-sectional results. First, longitudinal change estimates were substantially higher than the crosssectional estimates, which corresponds to previous reports (Raz et al. 2005) . Given identical thickness estimation techniques, no differences in sample and no covariance between sampling bias and age, the change estimates should be close to identical. When profound differences are found, these may be due to one or more of these 3 factors. First, longitudinal change estimates are based on intrasubject surface registration procedures that yield superior accuracy compared with the intersubject cross-sectional procedures, reducing noise and error estimates (Reuter et al. 2012) . As noise tends to reduce effect sizes, this could potentially explain some of the differences in estimates between methods. One approach to estimate the importance of this factor would be to reprocess longitudinal data with both methods and compare the results. Second, sample differences, including differences in scanning protocols, contribute to explain why the deviations between the longitudinal and the cross-sectional estimates were larger for the full sample >60 years compared with the crosssectional estimates from longitudinal sample itself. Finally, covariance between sampling bias and age likely accounts for the remaining differences between the longitudinal and the cross-sectional change estimates. If the older adults with the highest age are less typical for their age compared with the older adults with the lowest age, then this may bias the cross-sectional analyses, even when the same participants are included in the longitudinal and the cross-sectional analyses. We suspect that this may account for the apparent preservation or thickening of ACC observed cross-sectionally but not longitudinally, raising serious questions about the validity of this observation. The present results, in accordance with volumetric findings (Raz et al. 2005 ), indicate that crosssectional designs may underestimate the real change in cortical thickness in aging. With the exception of ACC, this seems mostly to be a scaling issue and does to a lesser degree seem to bias the topographical distribution of effects. This may vary between samples and studies, and represent an important venue for future research. In any case, most trust should be put on effects that are replicated across both longitudinal and cross-sectional analyses. For instance, thinning of entorhinal cortex was observed across samples and methods, supporting the importance of this finding. Unfortunately, longitudinal data were available for the oldest part of the age range only, and longitudinal samples with wider age ranges will be an important improvement to seek in future studies.
Conclusion
The cross-sectional estimates suggest that cortical thickness in most areas declines linearly with age, and longitudinal data confirmed the main pattern of effects for the oldest part of the sample. There are several ways to envision the mechanisms behind the mostly linear course of estimated cortical thinning. One view is that a universal, programmed linear process drives the thinning. More likely, however, brain aging is a process characterized by dynamic equilibrium of multiple linear and nonlinear degenerative and restorative processes causing an apparent linear decline at the macroscopic level. Alternatively, individual participants may follow different nonlinear trajectories that sums up to seemingly linear curves Figure 7 . The rate of change in participants with low risk of Alzheimer's disease. From the ADNI sample, subgroups of participants with very low risk of Alzheimer's disease (AD) were selected based on 2-year clinical and neuropsychological stability (n = 18), levels of CSF Aβ 1-42 (n = 28) or a combination of CSF Aβ 1-42 levels and no APOE ɛ4 alleles (n = 22). The annual rate of change in the entorhinal cortex did not differ statistically between any of the subgroups and the full ADNI sample. Thus, it is very unlikely that thinning in this area in healthy older adults is solely caused by undetected AD processes.
at the group level. In all cases, nonlinear changes may be affected by the added accumulated impact of various negative events, for example, vascular factors (Raz et al. 2005) . Notably, the present results indicate that the brain changes, even in the regions most prone to AD pathology, are not necessarily caused by age-related neurodegenerative conditions such as AD. Rather, atrophy in AD-vulnerable areas is also a part of the normal aging process. Adding to the complexity is the brain's life-long ability to morphological change in response to cognitive stimulation (Draganski et al. 2006; Engvig et al. 2010 ). An important task for future research is to identify specific environmental and genetic factors that impact the rate of cortical thinning in individual participants. To accomplish that task, combined longitudinal and cross-sectional studies with multiple examinations and large age spans are needed ), which will give us the possibility to model the influence of different medical, genetic, and environmental impacts on individual trajectories over time.
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